-Yb 3+ co-doped glass-ceramics. The energy transfer process was proved by the excitation and emission spectra. The Yb 3+ concentration dependent quantum efficiency was also evaluated individually in the codoped systems, which indicated that Pr 3+ -Yb 3+ is the most efficient cooperative energy transfer couple. It was supposed that besides the cooperative energy transfer process, the 1 G 4 state, which may be populated by 3 P 0 → 1 G 4 transition as a result of energy transfer to one Yb 3+ ion from Pr 3+ 3 P 0 energy level, can also act as a donor state in the energy transfer to another Yb 3+ ion. These rare-earth ions codoped transparent glassy materials may have potential applications for the enhancement of photovoltaic conversion efficiency of silicon solar cells via spectra modification.
Introduction
In face of the energy crisis, it is necessary to develop and take advantage of new and renewable energy to suppress the negative effects caused by the vast consumption and depletion of the traditional mineral fuel. As a convenient, green and renewable resource, the solar energy will surely play an important role in the future energy-structure. Now, solar photovoltaic industry is attracting more attention worldwide for it can offer a clean and high-efficient energy system to take better usage of the solar energy. At present, the most popular solar cell is crystalline silicon based. For decades, people have been trying to improve the photovoltaic conversion efficiency of solar cells by optimizing the treatment process of the materials. However, the experts in solar cell have pointed out that the further enhancement of photovoltaic conversion efficiency should be mainly based on the modification of input solar spectra [1] - [2] . There are three technique routes for spectral modification: Up conversion luminescence process, down conversion luminescence process, and photoluminescence process [3] - [6] . Up to now, some research focused on down conversion luminescence process have been done in rare-earth ions doped systems, which can take full usage of the near-ultraviolet and visible parts of the solar spectra [7] - [11] . Among them, the transparent glass-ceramics containing fluoride nanocrystals is an promising candidate for practical application by putting it in front of solar cells due to the combination advantages of excellent chemical durability and mechanical strength, high transparency to visible light, as well as low photon energy in the precipitated fluoride nanocrystals where the doped rare-earth ions will selectively incorporated into during the crystallization process [9] , [12] . In this paper, we demonstrated the infrared quantum cutting through cooperative energy transfer in RE 3+ -Yb 3+ (RE= Pr, Tm, and Tb) codoped glass-ceramics containing CaF 2 nanocrystals. The excitation and emission spectra and the schematic energy level of the related rare-earth ions were present to prove the existence of cooperative energy transfer from one RE 3+ ion to two Yb 3+ ions, which consequently results in the infrared emission around 1000 nm, at which wavelength the silicon solar cells exhibit their greatest spectral response. 3 and YbF 3 as raw materials, which were mixed homogeneously and melted at 1400 ºC for 30 min in a covered corundum crucible in air. The melts were poured onto a cold brass plate and then pressed by another plate. Differential thermal analysis (DTA) measurements were carried out in a SDT Q600 differential thermal analyzer, from which we determined a heat treatment temperature of 660 ºC. The thermal treatment duration was 2 h for all the as-made glasses. X-ray diffraction measurements were carried out using a Rigaku D/MAX-RA diffractometer with Cu Kα as the incident radiation source. The excitation and emission spectra and the fluorescence decay curves in both the visible and infrared regions were recorded with a FLS920 fluorescence spectrophotometer. Figure 1 shows the XRD patterns of 0.4 mol% RE 3+ -4mol% Yb 3+ (RE=Pr, Tm and Yb, respectively) codoped as-made glasses and glass-ceramics obtained by heat treatment at 660 ºC for 2 h. It is observed that the as-made glass is completely amorphous with no diffraction peaks, and after crystallization by heat treatment, the XRD pattern shows intense diffraction peaks, which could be assigned to the cubic CaF 2 phase. The calculated average crystallite size of CaF 2 is 18 nm by using Scherrer's equation. The average transmittance for both the as-made glass and glass-ceramics in the visible region is higher than 90%.
Results and discussion
The excitation and emission spectra for 0. 4 The excitation and emission spectra of Tb 3+ single-doped and Tb
3+
-Yb 3+ codoped glass-ceramics are shown in Fig. 4 (A [15] . Figures 2 (B), 3 (B) and 4 (B) , is set to 1 [7] , [18] .
According the measured lifetime data in Fig. 5 
